A subset of connexins can form unopposed hemichannels in expression systems providing an opportunity to compare hemichannel gating properties with those of intact gap junction channels. Zebrafish Cx35 is a member of the Cx35/Cx36 subgroup of connexins highly expressed in the retina and brain. Here we show that Cx35 expression in Xenopus oocytes and N2A cells produced large outward whole cell currents on cell depolarization.
INTRODUCTION
Connexins (Cx) are a family of proteins that were originally identified as one of the molecular components of vertebrate gap junction channels (4; 19; 34) . Decades of ensuing research has since established that connexins provide a pathway for direct intercellular communication by connecting adjacent cells via gap junction channels and allowing the specific and selective exchange of small ions, nutrients, metabolites and signaling molecules (15; 23; 41) . A complete gap junction channel is made from two hemichannels contributed by each of the cells in communication. The hemichannels are hexamers of connexin proteins, that are encoded by a multigene family containing at least 20 members (42; 57). Each connexin isoform produces intercellular channels with unique properties of size selectivity, ion permeability, conductance and gating (5; 23; 50) .
In addition to forming gap junction channels between two communicating cells, many connexins can also form voltage activated hemichannels within single plasma membranes (1; 2; 7; 14; 46; 49; 51; 55). Analysis of unopposed hemichannels in functional expression systems provides a unique opportunity to compare hemichannel properties with those of intact gap junction channels between coupled cells (47) . A detailed knowledge of hemichannel conductance and gating is also a prerequisite for evaluating whether hemichannels might play any significant physiological roles in vivo (3; 11; 24; 52) .
In situ hemichannel activity was first documented in horizontal cells isolated from fish retina (9; 28) . To date, at least seven connexins have been identified in the retinas of several species of fish (8; 25; 29; 35; 36; 54; 59) . Only two of these, Cx35 and Cx52.6, have been shown to be capable of forming active hemichannels in functional expression systems (32; 55; FINAL ACCEPTED VERSION C-00225-2004.R2 4 56; 59), although neither has been characterized at the single channel level. This is potentially significant, as hemichannel activity has been implicated as an important component of feedback inhibition between cones and horizontal cells in the outer plexiform layer of the fish retina (20; 25; 40) . It has also been suggested that hemichannels expressed in other retinal cell types may also affect synaptic transmission (59) . In the perch and zebrafish retina, Cx35 has been immunolocalized to the inner and outer plexiform layers (29; 36) , suggesting that it may be one candidate connexin to mediate hemichannel effects on synaptic transmission. 
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MATERIALS AND METHODS
Expression constructs
For expression studies in Xenopus oocytes, the Cx35 coding sequence was subcloned into pCS2+ (48) as previously described (29) . This construct was linearized with Not I, gel purified and used as template (1µg DNA) to produce capped cRNAs using the mMessage mMachine kit (Ambion, Inc). For expression studies in N2A cells, the Cx35 coding region was released from pCS2+ with EcoRI (New England Biolabs, Beverly, MA) and subcloned into the EcoR1 site of the bicistronic vector pIRES2-EGFP (BD Biosciences/Clontech, Palo Alto, CA).
This plasmid contains the internal ribosome entry site (IRES) of the encephalomyocarditis virus between the multiple cloning site and the coding sequence of the Enhanced Green Fluorescent Protein (GFP). This permits both the gene of interest and the enhanced form of the Aequorea victoria GFP gene to be translated from a single bicistronic mRNA, allowing an efficient selection of transfected cells for functional studies.
Oocyte preparation
Stage V-VI oocytes were isolated from Xenopus laevis (Nasco, Fort Atkinson, WI), defolliculated by collagenase digestion and cultured in Modified Barth's (MB). Cells were injected with a total volume of 40 nl of either an antisense oligonucleotide (3 ng/cell) to suppress endogenous Xenopus Cx38, or a mixture of antisense plus Cx35 cRNA (40 ng/cell), using a Nanoject II Auto/Oocyte injector (Drummond, Broomall, PA). Following overnight incubation, oocytes were immersed for a few minutes in hypertonic solution to strip the vitelline envelope, transferred to Petri dishes containing MB medium and manually paired with the 6 vegetal poles apposed for gap junction channel analysis. For hemichannel analysis, single oocytes were de-vitellinized and processed as described below. Electrophysiological recordings were made 48 hours after cRNA injection.
Whole cell electrical recordings in Xenopus oocytes
The functional properties of hemichannels and gap junction channels were assessed by dual voltage clamp (43) . Current and voltage electrodes (1.2 mm diameter, omega dot; Glass Company of America, Millville, N.J.) were pulled to a resistance of 1-2 MΩ with a horizontal puller (Narishige, Tokyo, Japan) and filled with 3 M KCl, 10 mM EGTA and 10 mM HEPES, pH 7.4. Voltage clamping of oocyte pairs was performed using two GeneClamp 500 amplifiers (Axon Instruments, Foster City, CA) controlled by a PC-compatible computer through a Digidata 1320A interface (Axon Instruments). pCLAMP 8.0 software (Axon Instruments) was used to program stimulus and data collection paradigms. Current outputs were filtered at 50
Hz and the sampling interval was 10 msec. To determine voltage-gating properties of gap junction channels, transjunctional potentials (V j ) of opposite polarity were generated by hyperpolarizing or depolarizing one cell for 3 s in 20 mV steps (over a range of ±120 mV), while clamping the second cell at -40 mV. Currents were measured at the end of the voltage pulse, at which time they approached steady state (I jss ), and the macroscopic conductance (G jss ) was calculated by dividing I jss by V j . G jss was then normalized to the values determined at ±20 mV, and plotted against V j . To characterize hemichannels, single oocytes were assessed with a two-electrode voltage-clamp procedure (14) . Cells were initially clamped at -40 mV.
Depolarizing voltage steps (-20 to +80 mV at 20 mV intervals) were imposed for 5 s, and 
Cells and culture conditions
Experiments were carried out on N2A cells transiently transfected (Lipofectin, Invitrogen Life Technologies) with cDNA coding for zebrafish Cx35. N2A cells were grown in Dulbecco's modified Eagles medium (DMEM) supplemented with 10% fetal calf serum, 100 µg/ml streptomycin and 100 U/ml penicillin. The cells were cultured at 37°C in a CO 2 hemichannel currents were determined using the data-fitting functions in pClamp8.
RESULTS
Macroscopic hemichannel currents in Xenopus oocytes.
Recordings from Xenopus oocytes injected with Cx35 cRNA showed slowly activating outward currents. These currents were absent in antisense injected control oocytes not expressing Cx35, indicating that they were generated by Cx35 hemichannels. Figure 1A illustrates Figure 1D , addition of 2mM Ca 2+ to the external bath reduced the magnitude of I m in Cx35 expressing oocytes and shifted the voltage of activation to more positive potentials as has been documented for other connexin hemichannels (13) . When external calcium is not elevated, the majority of membrane current in Cx35 cRNA injected oocytes arose from currents through Cx35 hemichannels, I hc (Fig. 1E ). 
Multichannel recordings of I hc from Xenopus oocytes
Dependence of single channel activity on membrane potential
Records obtained from Cx35 expressing oocytes in the cell-detached mode with a few single operational hemichannels were also used to study channel kinetics. The analysis of longer records (≥ 10 s duration) allowed us to demonstrate that the gating was voltage dependent at the single channel level. 
Exogenous versus endogenous hemichannels in oocytes
Endogenous membrane currents obtained from oocytes that were not treated with antisense Cx38 oligonucleotides and were injected with H 2 O instead of Cx35 cRNA showed different properties in comparison to those expressing Cx35. Figure 5A illustrates I m records in cell-attached mode from oocytes injected with antisense oligonucleotides to Xenopus Cx38.
Currents elicited by ±50 mV pulses showed no discrete gating steps, in sharp contrast to oocytes injected with Cx35 cRNA (see Fig. 2 ), and represented the leak current of the patch which was not subtracted from any of the records. However, oocytes not treated with Xenopus
Cx38 antisense oligonucleotides and injected with water displayed hemichannel activity which was likely attributable to endogenous Cx38 (10) . Figure 5B Currents evoked by voltage ramp (+100 mV / 2s) from water injected oocytes (Fig. 5D ) also exhibited rectification and yielded unitary channel conductance of 300 pS at V m = -100 mV and 250pS at V m = 100 mV attributable to Xenopus Cx38 hemichannels (10) . Therefore, endogenous Cx38 hemichannels were easily distinguished from the exogenous Cx35 hemichannels by their significantly larger unitary conductance.
Hemichannel activity in N2A cells transfected with Cx35.
To compare the effects of expression system on Cx35 hemichannels and intact gap junction channels, N2A cells were transfected with Cx35 cDNA. Figure 6A recorded from Xenopus oocytes (see Fig. 1 ), and the functional behavior of Cx35 hemichannels was not influenced by the type of cell in which they were expressed.
To determine if the whole cell current voltage relationships shown in Figures 1 and 6 were similar to the recordings from excised patches of Cx35 hemichannels shown in Figure 3 
Analysis of Cx35 hemichannel activation kinetics
The voltage gating characteristics of Cx35 hemichannels were further explored by 
Gating properties of Cx35 gap junction channels
To compare the macroscopic properties of Cx35 gap junction channels in different Table 1 . These findings are consistent with previous reports on Cx35 gap junction channels in paired oocytes (29; 36; 56) , and illustrate that the functional behavior of Cx35 gap junction channels was not modified by the cellular environment in which they were expressed.
DISCUSSION
Hemichannel activity has been recorded from oocytes injected with cRNA for a number of connexins (1; 2; 12; 14; 32; 46; 55). In addition, hemichannel activity has also been documented for several connexins in transfected cell systems (7; 49; 51) . In this study we
show that zebrafish Cx35 cRNA injected into oocytes results in hemichannel activity and further that N2A cells transfected with Cx35 cDNA produce similar currents to those observed in the oocytes assay. Each experimental cell system was able to replicate the macroscopic data of the other, fortifying the notion that the properties revealed were those of Cx35 and were not due to an endogenous connexin in oocytes or N2A cells.
We have also characterized single and multichannel activity using cell attached and labeling has been reported in the cone pedicle (27) , which could correspond to the presence of either heterotypic gap junction channels or hemichannels.
Recently, hemichannel activity has been proposed as a common mechanism mediating feedback inhibition between cones and horizontal cells in the outer plexiform layer of the vertebrate retina (25; 25; 40) . Although Cx35 was not specifically implicated in this instance, its abundance in the retina makes it worthwhile to consider whether its functional properties, or the properties of other well characterized hemichannels, are consistent with the model of feedback inhibition proposed (20) . At issue is whether or not hemichannels have physiological properties consistent with their proposed function in synaptic transmission. Based on the present work, and previous characterization of other connexin hemichannels, we can first define the minimal necessary conditions for hemichannel function in vivo. The cooperativity constant (A), reflecting the voltage sensitivity of the channel, reflects the
